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ABSTRACT 
Escherichia coli O157:H7 contamination remains a significant concern for the food industry, 
as illustrated by several recent E. coli outbreaks through ground beef, fresh spinach, frozen 
pizza, raw cookie dough and Taco Bell. Fast, selective, cost-efficient detection is essential for 
ensuring consumer safety while keeping production costs competitive. The Quartz Crystal 
Microbalance with Dissipation (QCM-D) can detect small changes in mass adsorbed to a crystal 
surface by monitoring its resonant frequency, and has the potential to be used in such 
biosensor applications. To this end, the ability of the antimicrobial peptide (AMP) Cecropin P1-
cys and an isolated fragment to bind and kill E. coli was evaluated using the QCM-D. AMPs were 
adsorbed to the gold sensor surface, and then exposed to E. coli. A Live/Dead fluorescence 
assay revealed the total E. coli adsorbed and the percent dead. The isolated fragment 
performed similarly to the whole Cecropin P1-cys peptide for E. coli O157:H7 and K12; both 
bound more and killed more E. coli than the bare adsorption surface. The isolated fragment is 
about 40% cheaper than the whole Cecropin P1-cys, which is a step towards fast, selective, 
cost-efficient biosensor applications.  
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1 INTRODUCTION 
Several E. coli outbreaks have occurred in the United States in the recent past: Taco Bell and 
Fresh Spinach in 2006, Topp’s Brand ground beef patties and General Mill’s frozen pizzas in 
2007, ground beef in 2008, and cookie dough and beef again in 2009. The strain of E. coli 
responsible in each case was Escherichia coli O157:H7 (Center for Zoonotic, Vector-Borne and 
Enteric Diseases, 2010). This pathogenic strain produces a toxin called the Shiga toxin, and in 
humans causes severe abdominal cramping, diarrhea, vomiting and fever, usually lasting 1-3 
days. Serious and often fatal complications such as kidney failure occur in over 10% of cases 
(Colorado Department of Public Health, 2001). There are an estimated 70,000 E. coli O157:H7 
infections each year in the United States (Center for Zoonotic, Vector-Borne and Enteric 
Diseases, 2010).  
Antimicrobial peptides (AMP) are polypeptides that are able to kill bacteria, fungi, parasites 
and other cells by lysis. While the exact mechanism is unknown, the antimicrobial peptides 
create pores in the cell membrane, disrupting the osmotic balance between the cell and its 
surroundings. The pores allow water to enter the cell, causing the cell to burst. Several hundred 
antimicrobial peptides have been discovered. They occur naturally in many animals and insects 
as a defense against microorganisms (Lee, et al., 1989).  
Cecropin P1 is an AMP found in pig intestine and the Cecropia moth, and are characterized 
by a charged α-helix secondary structure. For this study, the AMPs are modified with a cysteine 
group to facilitate a gold-thiol bond between the AMP and the gold adsorption surface. An 
isolated fragment, here called Cecropin P1-cys Fragment 1, is this charged α-helix of the whole 
Cecropin P1-cys molecule. This fragment is compared to the whole Cecropin P1-cys AMP in 
terms of adsorption behavior and ability to bind and kill E. coli. A major advantage of using 
Cecropin P1-cys Fragment 1 is that it is about 40% cheaper to synthesize than the whole 
Cecropin P1-cys.  
The Quartz Crystal Microbalance with Dissipation (QCM-D) is based on the converse 
piezoelectric effect which states that an applied voltage across certain crystals such as quartz 
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induces a mechanical strain. Oscillating this voltage causes the crystal to oscillate and the 
frequency at which the crystal is oscillating with the greatest amplitude is called the resonant 
frequency. This resonant frequency changes with the amount of mass adhered to the surface; 
an increase in adhered mass causes a decrease in the sensor’s resonant frequency. Original 
Quartz Crystal Microbalance technology is based on the Sauerbrey Relation, developed by 
Sauerbrey in 1959 (Sauerbrey, 1959). From this relation, the mass and thickness of a film can be 
calculated from the change in frequency. However, this is only valid for thin, rigid, 
homogeneous film formation like deposition of metal films. Using the Sauerbrey Relation will 
underestimate the mass of a thick, flexible and heterogeneous film. Many biological films fit 
this description of thick, flexible and heterogeneous. Therefore, the traditional Sauerbrey 
Relation is not appropriate. The dissipation factor is essentially how well a film can dampen the 
crystal oscillation once the voltage difference is removed. Rigid films have a low dissipation, 
while “soft” films have a high dissipation. The Voigt Viscoelastic Model takes into account the 
dissipation factor of a film, thereby correcting for film “softness”, unaccounted for in the 
Sauerbrey Relation.  
The goal of this study was to investigate the interactions between the antimicrobial 
peptides Cecropin P1-cys and Cecropin P1-cys Fragment 1 with E. coli. Firstly, Voigt Viscoelastic 
Modeling was used to compare the adsorption behavior of the whole Cecropin P1-cys and the 
Cecropin P1-cys fragment to gold. The ability of each AMP to bind and kill E. coli O157:H7, K12 
or ML35 was evaluated. These control strains have been used in previous studies of this nature 
due to the lack of the O-antigen that is present on O157:H7 (Strauss, Kadilak, Cronin, Mello, & 
Camesano, 2009).  Since the fragment is about 40% cheaper to synthesize than the whole 
Cecropin P1-cys, there are significant economical benefits to using the fragment.  
The Quartz Crystal Microbalance with dissipation (QCM-D) was used to study these 
interactions. An AMP was bound to the crystal’s gold surface, followed by E. coli. The crystals 
were then stained with a Live/Dead kit, and imaging under fluorescence microscopy revealed 
total number of cells adhered to the sensor surface as well as the percent of cells dead.  
11 
 
2 BACKGROUND 
2.1 E. coli O157:H7 
Escherichia coli O157:H7 contamination is a serious concern for the food processing 
industry. In the United States alone, there are an estimated 70,000 E. coli O157:H7 infections 
each year, 10% of which end fatally (Colorado Department of Public Health, 2001). Escherichia 
coli O157:H7 is a pathogenic strain of E. coli that can secrete the Shiga toxin, causing severe 
abdominal cramps, diarrhea, vomiting and fever, lasting up to a week. Young children and the 
elderly are especially susceptible to develop hemolytic uremic syndrome (HUS), a type of kidney 
failure (Mead & Griffin, 1998).  
2.1.1 Recent Outbreaks in the United States 
In September and October of 2006, an E. coli outbreak from fresh spinach infected 199 
people in 26 states. Of the 199, 51% were hospitalized, and 16% developed HUS, leading to 3 
confirmed deaths (CDC, 2006 Oct 6). Shortly afterwords in November and December of 2006, 
an E. coli outbreak linked to Taco Bell restaurants left 71 people sick, hospitalizing 75%, and 
11% developing HUS, but no deaths resulted (CDC, 2006 Dec 14). In September 2007, an 
outbreak caused by Topp’s brand ground beef patties left 40 infected, with 64% hospitalized. 
Again, no deaths were reported, but two patients developed HUS (CDC, 2007 Oct 26). In 
November of 2007, twenty-one people were infected from eating Totino’s and Jeno’s frozen 
pizza, with eight hospitalizations and four cases of HUS (CDC, 2007 Nov 1). Another E. coli 
outbreak was caused by ground beef in 2008, leaving total 49 infected with 27 hospitalized and 
one case of HUS. A total 5.3 million pounds of beef were recalled (CDC, 2008 July 18). 
Outbreaks from ground beef occurred in 2009 again on two separate occasions, with close to 
one million pounds of beef being recalled (CDC, 2009 July and November). Also in June 2009, a 
total of 72 people were infected from eating raw prepackaged cookie dough, with 34 
hospitalized and 10 developing HUS (CDC, 2009 June 30).  
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Clearly even in our modern era, food and water safety remains a challenge. Most of these 
outbreaks are caused by food stock and water supply contamination with fecal matter. A 
commonly used detection method is to culture a sample in growth media, then inoculate a 
Petri dish with that culture. If bacteria are present, then it will grow on the plate. By using strain 
specific growth media, different strains of bacteria can be isolated (DeBoer & Beumer, 1999). 
While inexpensive, these techniques are time consuming and require several days to complete 
since the bacteria must grow enough to form visible colonies. These techniques are also labor 
intensive because of all the media changes and plating. Contaminated food can often be passed 
to the consumer because of this lag in detection. Another detection technique is flow 
cytometry, an optically based method. However, the equipment is relatively expensive, and the 
method cannot distinguish between live and dead cells (DeBoer & Beumer, 1999). The 
development of a fast, selective and cost efficient E. coli O157:H7 detection method would be 
beneficial to both the food industry and drinking water production. 
2.1.2 Strains studied 
Bacteria can be classified in two broad categories, Gram-negative and Gram-positive, 
distinguishable by the Gram staining procedure. Gram-negative bacteria have a dual plasma 
membrane, and sandwiched in between a thin cell wall (Cooper & Hausman, 2009). Gram-
positive bacteria have a single plasma membrane surrounded by a thicker cell wall (Figure 1). 
Escherichia coli O157:H7 is a gram-negative bacterium expressing the 157th O antigen and the 
7th H antigen (Mead & Griffin, 1998). E. coli K12 and ML35 have been used as control strains 
when studying E. coli O157:H7 (Strauss, Kadilak, Cronin, Mello, & Camesano, 2009). The strains 
are chosen because they lack the O-antigen, so they provide a good comparison to E. coli 
O157:H7. 
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Figure 1. Comparison between Gram Negative (left) and Gram Positive (right) bacteria (Baron, 1996) 
2.2 Antimicrobial Peptides 
Antimicrobial Peptides are polypeptides that are able to kill a wide range of cells including 
Gram-negative and Gram-positive bacteria, fungi, parasites and other cells, depending on their 
type (Hancock & Scott, 2000). There are several hundred of these peptides that have been 
discovered to date (Tossi, Sandri, & Giangaspero, 2000). In animals, AMPs are often found in 
areas that are most likely exposed to potential pathogens like on the skin, eye, and epithelial 
surfaces like the tongue, lungs and gut. Unlike antibiotics which often interfere chemically with 
bacteria, AMPs operate with a physical mechanism. While the exact mechanism is unknown, 
there are several hypotheses. As shown in, antimicrobial peptides could coat a cell membrane, 
and charges on the AMP can cause pores to form. They could also insert themselves in groups 
to form pores, or insert individually and eventually lead to pore formation (Figure 2). Regardless 
of the exact mechanism, the creation of holes in the cell membrane causes water to enter the 
cell by osmosis, causing the cell to burst and die. 
14 
 
 
Figure 2. Hypothesized AMP lysing mechanism (Huang, 2000) 
Cecropins are a family of α-helical antimicrobial peptides. Cecropins are strongly basic, and 
relatively small polypeptides, less than 4 kDa. Cecropins are found in the Hyalophora cecropia 
moth (Steiner, Andreu, & Merrifield, 1988) and in the small intestine of pigs (Lee, et al., 1989). 
Cecropin P1-cys (Figure 3) is the cecropin P1 polypeptide modified with a cysteine group on the 
C terminus: H2N-SWLSKTAKKLENSAKKRISEGIAIAIQGGPRC-OH. The cysteine group facilitates the 
gold-thiol bond for adhering the peptide to the gold surface.  
 
Figure 3. Cecropin P1-cys, simulation courtesy of Dr. Narsihman, Purdue University. 
  
A  H2N-SWLSKTAKKLENSAKKRISEGIAIAIQGGPRC-OH   B 
B 
A   
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Cecropin P1 fragment 1 is H2N-LSKTAKKLENSAKKC-OH, the charged α-helix of Cecropin P1 
(Figure 4). The “active” region of AMPs is hypothesized to be the charged α-helix region. 
 
Figure 4. Cecropin Fragment 1 shown highlighted in pink. Simulation courtesy of Dr. Narsihman, Purdue University. 
2.3 Quartz Crystal Microbalance with Dissipation 
French scientists Jacques and Pierre Curie found in 1880 that a mechanical strain applied to 
numerous crystals induces a voltage difference. This phenomenon is called the piezoelectric 
effect. An applied voltage can also induce a mechanical strain in such materials, called the 
converse piezoelectric effect (Koptsik & Rez, 1982). The quartz crystal microbalance works 
based on the piezoelectric properties of quartz. A voltage applied across two electrodes causes 
a strain in the quartz crystal. By oscillating this electric field, mechanical waves are created in 
the crystal. The resonant frequency, f, of the crystal depends on its thickness. Therefore, the 
change in thickness of a film adsorbing to the crystal’s surface will be reflected in a decrease in 
resonant frequency of the crystal. 
The dissipation factor, D, is defined as 
𝑫𝑫 = 𝟏𝟏
𝑸𝑸
= 𝑬𝑬𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅
𝟐𝟐𝟐𝟐𝑬𝑬𝒅𝒅𝒅𝒅𝒔𝒔𝒔𝒔𝒅𝒅𝒅𝒅
      (1) 
A  H2N-SWLSKTAKKLENSAKKRISEGIAIAIQGGPRC-OH   B 
B 
A   
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where Q is called the Q factor, and is a dimensionless factor indicating how quickly an 
oscillation is dampened. Edissipated is the energy given up by the crystal in one oscillation, and 
Estored is the energy stored in the crystal. The higher the dissipation, the faster an oscillating 
crystal will stop oscillating when the voltage difference is removed. The dissipation factor is 
especially important for biological applications of the QCM-D, since biofilms can often not be 
considered “rigid”. For example, rigid films will have a dissipation factor close to zero, where as 
a “wiggly” biofilm will have a high dissipation factor.  
2.4 QCM-D Modeling  
As discussed, a change in mass adhered to the crystal surface correlates to a change in 
frequency. Qualitatively, the interaction between biomolecules and the substrate can be 
determined. However, the exact amount of a substance adsorbed to the substrate cannot be 
directly measured. The relation between change in mass and change in frequency can be 
predicted using several models. These models have a wide range of assumptions and 
simplifications, and thus a wide range of applications to QCM-D result modeling. 
2.4.1 Sauerbrey Relation 
The Sauerbrey relation was developed in 1959 by G. Sauerbrey (Sauerbrey, 1959) and 
describes the relationship between change in frequency and change in mass adhered to the 
quartz crystal (Laschitsch & Johannsmann, 1999). It states that 
∆𝒇𝒇 = − 𝟐𝟐𝒇𝒇𝒔𝒔𝟐𝟐∆𝒎𝒎
𝑨𝑨𝒅𝒅𝒆𝒆�𝝆𝝆𝒒𝒒𝝁𝝁𝒒𝒒
  (2) 
where ∆𝑓𝑓 is the change in frequency, 𝑓𝑓𝑜𝑜  is the resonance frequency of the clean crystal, 𝑚𝑚 is 
the mass, 𝐴𝐴𝑒𝑒𝑒𝑒  is the surface area of the electrode available for interaction, 𝜌𝜌𝑞𝑞  is the density of 
quartz, and 𝜇𝜇𝑞𝑞  is the shear modulus. The shear modulus is the ratio of shear stress and shear 
stress on an object, which describes how easily a material can be deformed under shear stress; 
the lower the shear modulus, the more an object is deformed under shear stress (Cooper & 
Singleton, 2007). 
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The Sauerbrey Relation holds only for thin, homogenously distributed, rigid films (Fogel, 
Mashazi, Nyokong, & Limson, 2007). If these assumptions are not met, the Sauerbrey relation 
will underpredict the mass adsorbed to the crystal. Since biofilms are often not thin, rigid and 
homogenously distributed, the Sauerbrey relation is inappropriate to estimate mass and film 
thickness. 
2.4.2 Voigt Viscoelastic Model 
Voigt Viscoelastic Model corrects for the under estimation of mass adsorbed to the crystal 
under the Sauerbrey model due to non-rigid or “soft” films. The Voigt viscoelastic model takes 
into account energy loss, or dissipation. This is very important in biological applications, as most 
biological films cannot be considered rigid. The viscoelastic model for a viscoelastic film in liquid 
is as follows  
∆𝒇𝒇∗
𝒇𝒇𝑭𝑭
= −𝒁𝒁𝒇𝒇𝒁𝒁𝒇𝒇 𝐭𝐭𝐭𝐭𝐭𝐭�𝒌𝒌𝒇𝒇𝒅𝒅𝒇𝒇�−𝒅𝒅𝒁𝒁𝒆𝒆𝒅𝒅𝒒𝒒
𝟐𝟐𝒁𝒁𝒒𝒒𝒁𝒁𝒇𝒇+𝒅𝒅𝒁𝒁𝒆𝒆𝒅𝒅𝒒𝒒 𝐭𝐭𝐭𝐭𝐭𝐭�𝒌𝒌𝒇𝒇𝒅𝒅𝒇𝒇�  (3) 
where ∆𝑓𝑓∗ is the change in frequency calculated from this model, 𝑓𝑓𝐹𝐹  is the frequency of the 
fundamental, and 𝑑𝑑𝑓𝑓  is the thickness of the film. 𝑍𝑍𝑓𝑓  is referred to as the acoustic impedance of 
the film, and is a constant relating to how sound waves move through a substance. Similarly, 𝑍𝑍𝑞𝑞  
is the acoustic impedance of quartz, and 𝑍𝑍𝑒𝑒𝑙𝑙𝑞𝑞  is the acoustic impedance of the liquid. 𝑘𝑘𝑓𝑓  is the 
wave vector, the representation of the wave in vector form (Johannsmann, p. 4521). 
2.4.3 Plotting f versus D    
Plotting frequency versus dissipation gives information about the complexity of the 
adsorption process. A simple, linear relationship indicates a simple adsorption mechanism, 
where a more complex relationship indicates the adsorption mechanism may involve different 
stages (Fogel, Mashazi, Nyokong, & Limson, 2007)(Nezu, Taira, Saitoh, & Araki, 2010). For 
example, Nezu et al. studied the adsorption of fibrous calfskin collagen onto a gold surface 
using the QCM-D. Figure 5 shows the frequency versus dissipation plot for collagen adsorption 
with varying pH and salt concentrations (Cs). For pH 3 and Cs=0mM, there are two phases of 
adsorption, with the hypothesized adsorption mechanism shown. The low slope of phase I 
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suggests tight, more rigid collagen binding, where the higher slope of phase II suggests a more 
loose adlayer, perhaps with the collagen bound only on one end to the surface. Frequency 
versus Dissipation plots help give a more comprehensive understanding of the adsorption 
process and in this project provide a more solid basis for AMP comparison in the QCM-D system 
in terms of adsorption behavior. 
 
Figure 5. Frequency versus dissipation of collagen adsorption (Nezu, Taira, Saitoh, & Araki, 2010) 
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3 METHODOLOGY 
3.1 General Solution Preparation 
Phosphate buffered saline (PBS) is a salt-based solution, and is used to hold cells in a stable 
environment, keeping them alive but limiting growth and proliferation. To make PBS solution, 
one packet of phosphate buffered saline (PBS) salt (Sigma, St. Louis, MO) was poured into a one 
liter Erlenmeyer flask. One liter of MilliQ water was added, and the solution was stirred with a 
clean magnetic stir bar on a stir plate for about five minutes. After removing the magnetic stir 
bar, the opening was covered with aluminum foil, and taped down with autoclave tape. The 
solution was autoclaved for 20 minutes under liquid setting “1” for sterilization and to ensure 
all salt crystals are dissolved. Before use in experiments, the PBS was cooled to room 
temperature, and filtered using a syringe filter to remove any particulates which could interfere 
with the sensitive QCM-D. Hellmanex solution (2%) was used in the QCM-D cleaning procedure 
and was prepared by diluting concentrated Hellmanex solution (Hellma GmbH and Co, 
Germany) with MilliQ water and stirring with a magnetic stir bar. All water used in the 
experiments was purified MilliQ water. 
E. coli was cultured in LB broth and LB agar (Sigma, St. Louis, MO). For a desired volume of 
LB broth, the LB broth powder was measured to an amount of 25 g/L, and added to the 
appropriate amount of MilliQ water. For LB agar, the amount needed was determined by 
approximating that each plate required about 20 mL of agar. The amount of LB agar powder 
needed was 35 g/L. For both LB broth and agar, the powders were stirred in with water using a 
magnetic stirrer. After mixing, the stir bar was removed from the media, and aluminum foil was 
placed over the mouth of the flask and taped down using autoclave tape. The flask and media 
was sterilized in the autoclave using setting 1. In the case of LB agar, the agar was allowed to 
cool for about 30 minutes, and then the agar was poured into the Petri dishes in a sterile hood, 
without letting arms or hands cross over the plates. Once solidified, the agar plates were 
inverted and cooled to room temperature. The plates were sealed with Parafilm and stored in 
the refrigerator until needed. 
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3.2 Escherichia coli Culture 
Using sterile techniques, 50 mL of autoclaved LB broth was added to a 250 mL Erlenmeyer 
flask. A frozen bacteria sample was removed from the freezer and defrosted, and added to the 
LB broth. The sample was incubated in a 37°C water shaker bath. The absorbance (wavelength 
600 nm) of the sample was monitored using the Genesys 20 visible spectrophotometer 
(Thermo Scientific) until an absorbance of 0.3 was reached. In an ethanol-cleaned hood, the 
bacteria sample was transferred to an LB agar plate using a sterile inoculation loop. During the 
culturing/plating process, sterile techniques were followed. After sealing the edges of the 
inoculate agar plates with Parafilm, the plates were inverted and incubated at 37°C. After 24 
hours, the agar plates were refrigerated at about 2°C. 
Twenty four hours before a QCM-D experiment, 10 mL of LB broth was added to a 13 mL 
plastic centrifuge tube. In an ethanol-cleaned hood, a single colony of bacteria was removed 
from the agar plate with a sterile inoculation loop, and placed in the LB broth. The centrifuge 
tube was placed on a rotator and incubated at 37°C for 24 hours.  
3.3 QCM-D Experiment Procedure 
3.3.1 E. coli Culture 
The day before the E. coli sample was needed for the QCM-D experiment, 500 µL of the 
overnight sample was added to 50 mL LB broth in a 250 mL Erlenmeyer flask, and incubated in a 
37°C water shaker bath. The sample’s absorbance of 600nm wavelength light was monitored 
using the spectrophotometer (Thermo Scientific) until an absorbance of 0.60-0.80 was reached. 
Based on previous experiments (Cronin & Kadilak, 2008), this absorbance corresponds to the 
exponential growth phase of the E. coli. Once this range had been reached, 10 mL of the culture 
was centrifuged for 5 minutes at 4000 RPM in a Centrific Centrifuge (Fisher Scientific). The LB 
growth media was replaced with autoclaved and filtered PBS, and the bacteria was 
resuspended using speed 10 of a mini vortexer (Fisher Scientific). This was repeated 3 times. 
The PBS keeps the bacteria alive, but prevents further growth.  
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3.3.2 Counting and Diluting Bacteria Suspension 
A counting chamber (Zander Scientific, Vero Beach) was placed in a beaker filled with MilliQ 
water, and sonicated for 15 minutes using the Branson 2510 Sonicator, and then dried carefully 
with a Kimwipe. A glass cover slip was placed over the grid area, and about 2 µL of the above E. 
coli suspension was injected beneath. Using the Nikon Eclipse E400, 10 images of the grid and E. 
coli were captured under 40x magnification. The number of bacterium per grid was counted 
using a hand tally counter for speed and accuracy. The average number of bacterium per grid 
was calculated, along with the standard deviation. The following calculation was performed to 
determine the amount of the E. coli suspension that needed to be added to 12 mL PBS in order 
to make a 1×108 cells/mL solution for use in the QCM-D experiment, as specified by Strauss et 
al (Strauss, Kadilak, Cronin, Mello, & Camesano, 2009). Using the manufacturer’s counting 
chamber volume of 1×10-7 mL, the amount of E. coli suspension x [mL] to be added to 12 mL of 
PBS to make a 1×108 cells/mL solution is calculated as: 
𝒙𝒙[𝒎𝒎𝒎𝒎] = 𝟏𝟏𝟐𝟐𝟏𝟏
𝑨𝑨𝑨𝑨𝑨𝑨 # 𝒔𝒔𝒇𝒇 𝒃𝒃𝒅𝒅𝒃𝒃𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅 𝒅𝒅𝒅𝒅𝒔𝒔 𝑨𝑨𝒔𝒔𝒅𝒅𝒅𝒅  (4) 
3.3.3 Cleaning the QCM-D 
Before and after every experiment, the QCM-D (Q-Sense E4 system, Figure 6) was cleaned 
using the following procedure. A cleaning crystal was mounted in each chamber. A cleaning 
crystal still has the quartz intact, but has been used too many times to be used in a regular 
experiment. For example, a crystal with a scratched gold adsorption surface or worn gold 
electrode contacts constitutes a cleaning crystal. The chamber output tubes were connected to 
the pump. Hellmanex solution (2%) (Hellma GmbH and Co, Germany) was passed through all 4 
chambers for 30 minutes at a rate of 300 µL/min. MilliQ water was then passed through for 60 
minutes at the same rate. Air was then pumped through the chambers for 20 minutes. The 
chambers and crystals were dried under nitrogen. 
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Figure 6. Q-Sense E4 system. 
3.3.4 Cleaning the QCM-D Crystals 
3.3.4.1 Ammonia Peroxide and UV treatment 
Crystals were placed adsorption surface side up in an aluminum foil-lined Petri dish, and 
placed in a sterile hood under a UV light for 1 hour. A 5:1:1 solution of H2O, ammonia (30%), 
and hydrogen peroxide (30%) was mixed in the fume hood, for a total volume of about 7 mL, 
enough to cover the crystals in the cleaning holder. To maximize the solution’s cleaning ability 
and reduce contamination of the adsorption surface, a fresh solution was used for each 
experiment. The solution was then heated to 75°C, covered with aluminum foil, and the crystals 
were placed in the holder and left in the solution for 15 minutes. In the fume hood using the 
QCM-D tweezers, a crystal was removed from the cleaning solution and rinsed with copious 
amounts of MilliQ water. The crystal was then dried with nitrogen gas, and placed adsorption 
surface side up in the aluminum foil lined Petri dish. To protect the sensitive gold electrode 
surface from contamination, the tweezers were always held down-stream of the water and 
nitrogen flow. The crystals were then placed under the UV light until needed. 
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3.3.4.2 Plasma Cleaner 
As adsorption surface cleanliness was a concern, an SPI supplies Plasma Prep II oxygen 
plasma cleaner was used following Ammonia Peroxide/UV treatment for Experiments 17, 18 
and 19. The plasma cleaner was turned on by pressing the “AC” button. The cleaner was 
allowed to warm up for two minutes. The main oxygen valve on the tank was turned on. The 
regulator valve was not changed. The mesh screen door was opened, and the cylindrical glass 
holder was carefully removed. The sensor crystals were loaded into the glass holder using 
tweezers. The glass holder was placed back in the plasma cleaner, without touching the glass 
oxygen tube. The vacuum pump was turned on, and the “VACUUM” switch on the Plasma Prep 
II was flipped to the up position. The cylinder was gently pressed in to create a seal. The mesh 
door was closed on the Plasma Prep II, and the “ON” switch was flipped to the up position. The 
“LEVEL” knob was adjusted until the current reads 40-50 milliamperes. The “TUNING” knob was 
adjusted until a purple-pink glow appeared in the glass cylinder holder. The “LEVEL” knob was 
turned to the maximum, and the “TUNING” knob was again adjusted until the most intense 
purple-pink glow appears with no noise. After 45 seconds, the “LEVEL” knob was turned all the 
way down, the vacuum pump and the “VACUUM” switch were turned off. After the pressure 
equalized, the crystals were removed and the glass cylinder holder was placed back in the 
Plasma Prep II. The main oxygen tank valve was closed, and the “AC” button pressed to turn the 
unit off. 
3.3.5 Running the QCM-D 
Clean crystals were placed in the QCM-D chambers, and the contact blocks were carefully 
screwed back on. The chambers were then inverted and locked into place. The chamber output 
tubes were connected to the peristaltic pump (Ismatec IPC-N 4, Switzerland), and the input 
tubes were placed in a beaker of MilliQ water. The pump was turned on and adjusted to a flow 
of 100 µL/min, and MilliQ water was allowed to flow through the chambers for 10 minutes.  
The Q-Sense chamber platform (the computer/QCM-D connection unit) was turned on, and 
the Q-Soft program was opened on the computer. The chambers being used were selected, and 
24 
 
the frequencies to be recorded were checked. To begin data collection, “Find and Run” was 
pressed.  
Once the frequency and dissipation curves stabilized, Q-soft was closed (without saving the 
.qsd file) and reopened. The chambers and frequencies to be recorded were checked, and the 
temperature control was set to 23°C. The pump rate was lowered to 50 µL/min, and then the 
“Find and Run” button in the setup screen was pressed to start data recording. The resonant 
frequency searches for the crystals were monitored to make sure distinct peaks were found by 
the Q-Sense unit. Experimental notes were kept in a lab notebook as well as the “Notes” 
window in Q-Soft. The time stamp button was used to record solution change times in the 
notes section. A timer was used to time solution runs.  
MilliQ water was passed through the chambers for 10 minutes. To avoid air bubble 
formation in the tubes, fluid flow is reversed whenever a solution is changed. The flow should 
not be reversed for more than 8 minutes. This is the time it takes for the waste fluid in the 
output collection beaker to be pumped back to the crystals at a rate of 50 µL/min. PBS was 
pumped through for about 30 minutes, or until the plots stabilized. Flow was reversed, and two 
of the chambers were switched to the 10 µM peptide solution, and the flow was reversed back. 
The peptide was run through the chambers at a rate of 50 µL/min for about an hour and a half, 
or until the plots stabilized. PBS was then run through all four chambers at a rate of 50 µL/min 
for about 30 minutes, to remove any un-bound peptide from the electrode surface. Reversing 
the flow again, all four chamber inputs were transferred to a 1×108 E. coli cells/mL PBS solution, 
but segregating the peptide chambers and the non-peptide chambers with two separate 
solution tubes to avoid AMP contamination to the control.  
After a strict 120 minutes, flow was reversed and the input tubes were placed back in PBS, 
and flow was reversed again to let PBS flow through all four chambers until the f and D plots 
stabilized (about 30 minutes) to wash off any un-adhered bacteria from the electrode surface. 
Experimental treatments are shown in Table 1. 
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Table 1. Experimental treatments 
E. coli strain AMP Treatment 
O157:H7 
(Pathogenic strain) 
Bare 
Cecropin P1-cys 
Fragment 
K12 
(Control strain) 
Bare 
Cecropin P1-cys 
Fragment 
ML35 
(Control strain) 
Bare 
Cecropin P1-cys 
Fragment 
3.3.6 Live/Dead Fluorescence Imaging 
Following the QCM-D experiment, each chamber was unlocked and flipped over. The 
crystals were removed from the chambers and placed in a small Petri dishes with 3 mL filtered 
PBS. Each Petri dish was labeled according to the chamber number. After removing a crystal 
from the chamber, a Kimwipe was used to carefully soak up any excess fluid, and a cleaning 
crystal was placed in the chamber. With the cleaning crystals in place, the QCM-D was cleaned 
using the same method as Section 3.3.3. A BacLightTM live/dead kit (Molecular Probes, Faraday, 
CA) was used to determine the total number of E. coli bound to the surface and the percent 
dead. In the microscope core room, 5.01 µL of Syto 9 solution and 7.5 µL of propidium iodide 
were added to each Petri dish right over the crystal. As Syto 9 and propidium iodide are light 
sensitive, this was done under light as dim as possible. Syto 9 stains all cells green with a FITC 
filter, and propidium iodide stains only dead cells red with a Texas Red filter. The Mercury lamp 
of the microscope was turned on and allowed to warm up. Each crystal was imaged under FITC 
and Texas Red filters at 15 random locations, once with each filter. The two images at each 
location were merged using the Spot Advanced program. In the merged image, green indicates 
a live bacteria and red indicates a dead bacteria (Figure 7). 
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Figure 7. Live/Dead assay raw images and merger 
3.4 Voigt Viscoelastic Modeling 
To estimate the thickness of the adsorbed peptide layers, Voigt Viscoelastic Modeling was 
performed using the program QTools. Frequencies 5, 7 and 9 were used, and standard 
deviations were calculated by QTools. The frequency and dissipation shift from water to PBS 
was ignored in the modeling, as this shift is due to viscosity differences and not mass adhering 
to the surface. PBS density was assumed to be near that of water, 1000 kg/m3. 
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4 RESULTS AND DISCUSSION 
4.1 Antimicrobial Peptide Adsorption 
The adsorption characteristics of two AMPs were studied. The two AMPs are Cecropin P1 
and the isolated segments of Cecropin P1, referred to as “Fragment 1”. To better understand 
the adsorption process taking place, QCM-D frequency and dissipation data was studied. By 
plotting frequency versus dissipation, insight into adsorption mechanism like how many 
adsorptions steps likely occur, can be determined. Also, viscoelastic modeling was performed 
using QTools to estimate the thickness of the adsorbed layers.    
4.1.1 Cecropin P1-cys 
Analysis of the f vs D plot of Cecropin P1-cys adsorption (Figure 8) suggest a two phase 
adsorption mechanism for Cecropin P1-cys onto gold. 
 
Figure 8. Frequency vs Dissipation shift for Cecropin P1-cys adsorption on gold, monitored by QCM-D 
The raw QCM-D data for Cecropin P1-cys adsorption on gold is shown in Figure 9. The 
frequency shift and dissipation shift from water to PBS is due to differences in fluid viscosity. 
This shift was not taken into account in the modeling.  
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Figure 9. QCM-D plot of Cecropin P1-cys adsorption on gold quartz crystal, 23°C 
Figure 10 shows Cecropin P1-cys film thickness as calculated using viscoelastic modeling. 
This layer was estimated to be approximately 2.7 nm. The predicted peak at 40 minutes 
suggests an “overshoot” in peptide adsorption, followed by the release of peptide from the 
surface. This could explain the two-step adsorption mechanism seen in Figure 8. 
 
Figure 10. Cecropin P1-cys layer thickness (nm), viscoelastic model, QTools 
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4.1.2 Cecropin P1 Fragment 1 
Figure 11 shows the frequency versus dissipation plot for Cecropin Fragment 1 adsorption 
on gold. As with the whole Cecropin P1-cys in Figure 8, a two phase adsorption process is 
suggested since there are two linear f vs D adsorption regions for the peptide. 
 
Figure 11. Frequency vs Dissipation shift for Cecropin P1 Fragment 1 adsorption on gold, monitored by QCM-D 
Raw QCM-D frequency and dissipation data is shown in Figure 12. This adsorption profile is 
similar to that of Cecropin P1-cys. Again, the shift in frequency and dissipation when changing 
from water to PBS is not taken into account for the film thickness modeling. This shift is only 
due to differences in viscosity between water and PBS, and no mass is adsorbing to the surface. 
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Figure 12. QCM-D plot of Cecropin P1 Fragment 1 adsorption on gold quartz crystal, 23°C 
Figure 13 shows Cecropin P1 Fragment 1 film thickness as calculated using viscoelastic 
modeling. This layer was estimated to be approximately 1.7 nm. Since Cecropin Fragment 1 is 
shorter than the whole Cecropin P1 peptide, it is expected that the Fragment 1 layer is thinner 
than the whole Cecropin P1-cys layer.  
 
Figure 13. Cecropin P1 Fragment 1 layer thickness (nm), viscoelastic model, QTools 
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4.2 E. coli Adsorption  
Figure 14 shows Cecropin P1-cys adsorption on gold, followed by E. coli O157:H7. Solution 
changes are shown on the figure. Frequency curves are blue, and dissipation curves are orange. 
In Figure 14, water is passed through the chamber, followed by PBS, 10 µM Cecropin P1-cys 
solution, PBS, 1×108 cells/mL E. coli O157:H7 solution, and a final PBS rinse. Figure 15 shows the 
adsorption profile for E. coli O157:H7 on gold, without AMPs.  
 
Figure 14. QCM-D plot of Cecropin P1-cys adsorption followed by E. coli O157:H7, gold quartz crystal, 23°C 
32 
 
 
Figure 15. QCM-D plot of E. coli  O157:H7 adsorption onto bare gold quartz crystal, 23°C 
For each experiment, the frequency and dissipation plots were stabilized with MilliQ water. 
Since both the peptide and E. coli were suspended in PBS, PBS was then run through. The 
resulting change in frequency and dissipation is the result of solution viscosity differences, not 
adhered mass. For the AMP experiments (for example Figure 14), a 10 µM peptide solution 
(Cecropin P1-cys or Cecropin Fragment 1) was then run through, resulting in a decrease in 
frequency, indicating adhered mass. After stabilization of the frequency and dissipation plots, 
PBS was run through again to wash off any un-adhered peptide. For the peptide free 
experiments (Figure 15), PBS was passed through the chamber during this portion of the 
experiment in lieu of the AMP solution. A 1×108 cells/mL solution of E. coli was then passed 
through. The resulting decrease in frequency indicates adherence of mass and the increase in 
dissipation indicates an increase of film “softness”. The final PBS rinse stabilizes the plots and 
does not cause an increase or decrease in dissipation, which indicates the E. coli were firmly 
attached to the surface.   
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Figure 16 shows the linear relationship between frequency and dissipation for E. coli 
adsorption. E. coli O157:H7 thus adheres in a simple, one step adsorption process. The 
frequency decreases and the Dissipation increases, and does not “level off” as with peptide 
adsorption (Figure 9 and Figure 12). Therefore, it is important to use strict timing of E. coli 
adsorption to improve consistency and reproducibility.  
 
Figure 16. f versus D plot for E. coli adsorption, corresponding to Figures Figure 14 and Figure 15 (7th harmonic) 
It was hypothesized that this slope would be characteristic of different strains of E. coli and 
could be used as a selective identifier of E. coli O157:H7 from other non-pathogenic strains, but 
upon analysis of data from this work and previous works (Cronin & Kadilak, 2008), no clear 
correlation was found. The data can be seen in Appendix E. 
A complete list of experiments performed as part of this report is presented in Table 2 in 
Appendix A. The results are grouped by E. coli strain. Treatments are Cecropin P1-cys, Cecropin 
Fragment 1, or bare surface. The QCM-D frequency and dissipation profiles for the other E. coli 
strains and AMP can be seen in Appendix C. Frequency and dissipation shifts are shown in 
Appendix E. 
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4.3 Live/Dead Count 
Figure 17 shows the average total number of E. coli present in the microscopy fluorescence 
images for each strain and treatment. Asterisks (*) indicate a statistically significant difference 
between the respective data sets (Table 4, Appendix D). For E. coli O157:H7, Fragment 1 
performs as well as the whole Cecropin P1-cys. More E. coli O157:H7 was bound to the surface 
than in the bare case. The same is the case for E. coli K12; CP1-cys and fragment 1 bound more 
E. coli than the bare case. However, the fragment bound more E. coli K12 than the CP1-cys 
 
Figure 17. Total number of E. coli present in each image. Asterisk (*) indicates statistical difference between columns for 
p<0.01 (Table 4) 
Figure 18 shows the percent E. coli dead for each treatment and E. coli strain. Again, 
asterisks (*) indicate a statistically significant difference between respective data sets (Table 4, 
Appendix D). For each strain, the Cecropin P1-cys and Cecropin Fragment 1 treatment were 
statistically different from the bare case. For E. coli O157:H7, the CP1-cys and Frag 1 killed a 
higher percentage of E. coli, with the Cecropin Fragment 1 seeming to perform slightly better 
than the Cecropin P1-cys peptide. 
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Figure 18. Percent E. coli dead for given conditions. Asterisk (*) indicates statistical difference between columns for 
p<0.01 (Table 4) 
E. coli K12 behaves more similarly to E. coli O157:H7, compared to E. coli ML35 in the trends 
of total E. coli adhered per fluorescence image and % E. coli dead. E. coli K12 may be a more 
appropriate control strain than E. coli ML35 based on these results. AMP effectiveness data 
from Cronin and Kadilak(Cronin & Kadilak, 2008) is shown in Figure 30, Figure 31 and Figure 32 
in Appendix D. 
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5 CONCLUSIONS AND RECOMMENDATIONS 
As shown, for E. coli O157:H7 and K12, Fragment 1 performs as well as the whole Cecropin 
P1-cys in ability to bind and kill E. coli. These are encouraging results since Fragment 1 is about 
40% cheaper to synthesize than the whole Cecropin P1-cys. While this research is still in the 
fundamental stages, cost is very important when looking ahead at potential applications of this 
technology. Trends for AMP/E. coli ML35 interactions did not follow the other strains if E. coli. 
More experiments should be performed with E. coli ML35 before conclusions are made. 
While not perfect, these results are encouraging. The ultimate goal is 100% E. coli death, 
which is the case for free peptide and E. coli in solution. But being able to adhere more and kill 
a higher percent of E. coli on a surface and not in free solution is promising. Overall the QCM-D 
is a relatively fast and easy way to monitor AMP/E. coli interactions. Perhaps the most 
promising application of this technology is a biosensor for detecting E. coli in food production. It 
is important that the QCM-D can successfully distinguish between the pathogenic O157:H7 
strain and non-pathogenic strains. Otherwise, false positives would hamper food production 
and limit the technology. The applicability of this technology will also increase with more 
efficient AMP synthesis methods. 
The reproducibility of the QCM-D experiment seem to be highly affected by the precision 
with which an experiment is performed and the cleanliness of the crystals. Variability between 
users is evident when comparing data obtained from this MQP and past projects. Therefore, 
maintaining a strict experimental procedure and an effective sensor crystal cleaning procedure 
is essential. It is recommended that a fresh cleaning solution is used each time to clean the 
QCM-D crystals, followed by oxygen plasma cleaning to remove all organic matter from the 
crystal surface. Also, E. coli adsorption curves do not level off like that of the peptides. 
Therefore, maintaining strict timing on the E. coli adsorption phase is very important, especially 
for the overall frequency and dissipation shifts and the total E. coli present in the fluorescence 
imaging portion. 
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Future studies should use Atomic Force Microscopy to further characterize the sensor 
surface after AMP adsorption. Knowledge about peptide coverage, orientation and roughness 
would be very beneficial when interpreting results from this study and previous studies. This 
would give a more solid basis for evaluating other potential antimicrobial peptides for selective 
detection of E. coli O157:H7. 
The percent dead for the bare cases are unexpectedly high. There are a few possible 
explanations for why this is the case. Impurities in the gold surface from the manufacturing 
process could kill the bacteria. Also, when removing the crystals from the QCM-D, the crystals 
come in contact with air. This could be fixed by using different QCM-D chambers, one that 
allows for microscopy of the crystal surface while it is still in the chamber. A Live/Dead assay of 
the 1×108 E. coli cells/mL PBS solution before sending it through the QCM-D would easily show 
what percent of E. coli are dead before contact with the crystals. This would help determine if 
the harvesting and rinsing process or the bare gold crystals are killing the E. coli.   
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APPENDIX A 
Table 2. QCM-D Experimental Conditions and Notes 
Experiment File Name 
E. coli 
Strain 
AMP Experimental Notes 
01 2009-09-19 Exp 001 -- CP1-cys 
5:13 switch to PBS solution, at 50 microL/min 
40:34 switch to Cecropin solution, 10 microM at 50 microL/min 
1:52:35 switch to PBS solution, at 50 microL/min 
2:04:52 Air let into tubes, then put in water 
2:10:16 speed ramped up to 300 microL/min 
02 2009-09-22 Exp 002 -- CP1-cys 
Water for start, 100 microL/min 
18:11 PBS solution put in at 50microL/min. Cells 1&2, Cells 
3&4 grouped for experiment, separate PBS flasks for the groups. 
52:21 Changed to Cercropin solution. 1&2 sample from 1-24-
08, 3&4 from 7-30-9 
2:25:57 Change to PBS solution 
3:08:02 Cercropin added again 
3:35:25 PBS 
3:49:42 increase PBS flow to 100 microL/min 
03 2009-10-02 Exp 003 O157:H7 CP1-cys 
8:20 PBS, 50microL/min 
39:54 Chambers 3 and 4 switched to Cecropin solution 
2:51:34 PBS in all chambers 
3:20:56 Cell/PBS solution 
5:10:31 PBS in all chambers 
04 
2009-10-16 Exp 004 
water-PBS study 
-- -- 
Chambers 1-3, old crystals.  4-
new crystal 
0:13 water, 100 
microL/min 
8:20 PBS, 50 
microL/min 
 Chambers 1 
and 2, Unfiltered PBS 
 Chambers 3 
and 4, filtered PBS (0.8 
micrometer syringe filter) 
1:58:47 Flow reversed, 
and PBS vials all shaked 
vigourously 
2:00:02 Shaking 
finished, flow reversed to normal 
flow direction 
2:13:53 Flow reversed, 
and PBS vials all shaked 
vigourously 
 
2:15:37 Shaking 
finished, flow reversed to normal 
flow direction 
2:21:30 Placed in fresh 
PBS solution: 1 and 2 unfiltered 
PBS, 3 and 4 Filtered 
Every 5 minutes, solution will be 
shaken 
2:28:27 Shaken  
2:34:58 Shaken 
2:37:14 Water 
2:49:36 Flow rate 
increased to 100 microL/min 
3:19:09 Flow rate 
increased to 300 microL/min 
4:11:36 PBS 
4:17:40 shaken 
4:22:52 shaken 
4:28:44 shaken 
4:34:27 shaken 
 
4:40:41 PBS solutions 
topped off and shaken 
4:46:54 shaken 
4:52:58 shaken  
4:54:16 max cal 
4:59:49 3 and 4 shaken 
5:06:03 3 and 4 shaken 
5:07:27 Flow to 50 
microL/min 
5:13:04 3 and 4 shaken 
5:23:50 3 and 4 shaken 
5:31:13 3 and 4 shaken 
5:34:55 3 and 4 shaken 
5:47:49 some small 
bubbles can be seen coming out 
of exit tubes of 3 and 4 
5:48:11 switch to water 
5:56:43 max cal 
5:58:19 Flow rate 
increased to 300 microL/min 
05 
2009-10-20 Exp 005 
water-PBS study 
-- -- 
2:37 From time zero, MilliQ water at 100 microL/min 
5:53 flow rate reduced to 50 microL/min to match experimental 
conditions  for PBS 
13:00 all chambers PBS, the same vial. 50 microL/min 
36:38 Water 
2:20:27 PBS 
4:24:45 wate, flow rate 300 microL/min 
4:37:04 MAX CAL 
06 
2009-10-21 Exp 006 
whole cecropin 
O157:H7 CP1-cys 
2:41 MilliQ water, 100 microL/min 
13:13 PBS, 50 microL/min 
Chambers 1 and 2, Amy's cecropin samples 
chamber 3, Andrea's samples 
3:05:14 PBS in Chambers 1 and 2 
3:48:01 PBS chamber 3 
3:52:23 Cells to all 
5:32:31 1 and 4 to PBS 
7:11:29 all chambers PBS 
07 
2009-10-22 Exp 007 
water-PBS study 2 
-- -- 
00:00 Water, 50 microL/min 
16:49 PBS 
36:15 Water [but chamber 2 in PBS] 
1:25:29 PBS in all 
2:15:48 Water in 1, 3 and 4 
08 
2009-11-03 Exp 008 
whole cecropin-cys e 
coli O157-H7 
O157:H7 CP1-cys 
0:00 Water, 100 microL/min 
9:47 PBS, 50 microL/min 
42:18 Cecropin-cys solution in chambers 1 and 2 
2:20:05 1E8 cell/mL solution through all chambers 
4:28:03 PBS 
42 
 
09 
2009-12-01 Exp 009 
whole cecropin-cys e 
coli O157-H7 
O157:H7 CP1-cys 
0:04 Water, 50 microL/min 
6:18 PBS 
28:00 Cecropin in Chambers 1 and 4 
1:52:20 PBS all 
2:20:05 Cells all 
4:03:03 PBS 
4:54:21 all Done, remove crytals and live/dead kit them 
10 
2009-12-10 Exp 010 frag 
1 and frag 2 study 
-- 
Fragment 
1 
Fragment 
2 
0:07 Water, 100 microL/min 
5:37 PBS, 50 microL/min 
29:34 Chambers 1 and 2: CP1-cys frag 1 (AM 6/30/09) 
Chambers 3 and 4: CP1-cys frag 2 (AM 7/15/09) 
2:28:42 PBS all 
11 
2010-01-20 Exp 011 
AFM crystals, QCM-D 
-- 
CP1-cys 
Fragment 
1 
Fragment 
2 
2:33 Milli Q water 100uM/min 
5:50 PBS, 50uM/min 
34:53 Solutions switched as follows: 
Chamber 1-Frag 1 
Chamber 2-Frag 2 
Chamber 3-just PBS 
Chamber 4-CP1-cys 
PBS at 2:35 about 
12 
2010-02-13 Exp 012 Frag 
1 O157H7 
O157:H7 
Fragment 
1 
0:03   Milli Q water, 50uL/min 
2:35   PBS, 50uL/min 
41:55   Chambers 1,2,4--Frag 1 
Chamber 3 
2:19:39   PBS all Chambers 
2:49:45   1E8 cells/mL e. coli O157:H7 solution, all 4 chambers, 
50uL/min 
4:52:20   PBS through all chambers 
13 
2010-02-17 Exp 013 Frag 
2 O157H7 
O157:H7 
Fragment 
2 
0:01   Milli Q water, 50 uL/min 
5:35   PBS, 50 uL/min 
28:49   Chambers 1,2,3--cp1-cys frag 2 
Chamber 4--PBS 
1:41:01   PBS to all chambers 
2:07:34   1E8 cells/mL e. coli O157:H7 to all chambers 
4:10:04   PBS to all chambers 
14 
2010-02-24 Exp 014 
whole cecropin ecoli 
K12 
K12 CP1-cys 
0:20   MilliQ water, 50uL/min 
4:59   PBS all chambers 
22:28   Cecropin P1-cys to chambers 2 and 4. Chamber 3, PBS 
CP1-cys 10uM, AK 01/24/08 
1:33:20   PBS to all 
2:15:01   1E8 cells/mL e. coli K12 to all chambers 
4:19:31   PBS to all chambers 
15 
2010-02-28 Exp 015 
fragment 1 e coli K12 
K12 
Fragment 
1 
0:29   Milli Q water, 50 uL/min 
5:10   PBS all chambers, 50 uL/min 
29:47   Fragment 1 Chambers 2 and 3, 50 uL/min 
Chamber 4, PBS 
1:49:48   PBS all chambers 
2:24:49   1E8 cells/mL e.coli K12 to each chamber 
4:32:57   PBS to all 
5:10:43   stopped and crystals stained and imaged 
16 
2010-03-03 Exp 016 
whole cecropin e coli 
K12 
K12 CP1-cys 
0:00 Milli Q water, 50uL/min 
5:15   PBS to all chambers 
22:21   Chambers 1 and 2, CP1-cys. AM 07/30/09 10uM. PBS in 
chambers 3 and 4 
1:27:53   PBS to all chambers 
1:46:07   e. coli K12 (1E8 cells/mL) to each chamber 
3:47:17   PBS to all chambers 
17 
2010-03-17 Exp 017 
whole cecropin e coli 
K12 
K12 CP1-cys 
0:00  Milli Q water, 50 uL/min 
4:54   PBS all chambers, 50 uL/min 
28:15   CP1-cys 10uM, 7/30/09 AM--Chambers 3 and 4 
Chambers 1 and 2-PBS 
Flow rate: 50 uL/min 
1:55:27   PBS all chambers 
2:17:44   1E8 cells/mL e. coli K12 to all chambers 
4:18:25   PBS to all chambers 
5:32:19   Pull out and fluor. chambers 1 and 4...and image... 
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18 
2010-03-27 Exp 018 
whole cecropin e coli 
ML35 
ML35 CP1-cys 
0:33   MilliQ water, 50 uL/min 
7:34   PBS all chambers, 50 uL/min 
25:53   Chambers 1 and 2: CP1-cys AM 7-30-09 10uM, at 
50uL/min 
 Chambers 3 and 4: PBS  
1:30:23   PBS to all chambers 
1:51:47   1E8 cells/mL to all chambers 
 E. coli ML35 
3:52:07   PBS to all chambers 
19 
2010-03-21 Exp 019 
fragment 1 e coli ML35 
ML35 Frag 1 
0:00 MilliQ water, all chambers 50uL/min 
8:17   PBS all chambers, 50uL/min 
23:51   Chambers 1 and 4, PBS 
 Chambers 2 and 3, CP1-cys Frag 1,  10uM, AM 6/30/09 
1:14:04   PBS all 
1:38:49   E. coli ML35, 1E8 cells/ml to all chambers 
3:39:10   PBS to all chambers 
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APPENDIX B 
QCM-D experiments require precise methodology timing for experiments to run smoothly. 
Table 3 shows the experimental order and timing from cell culture to final Live/Dead imaging 
for Experiment 013 (Date: 2/17/10), E. coli O157:H7 with Cecropin P1-cys Fragment 2 (Table 2).  
Table 3. Representative experimental order and approximate timing 
Action Time 
QCM-D Cleaning: Hellmanex solution (2%) through at 300µL/min for 30 minutes, START: 11:30am 
500µL of overnight culture added to 50mL LB Broth, placed in 37°C shaker bath. 
Adsorption monitored every 30 minutes. 
11:35am 
Cleaned counting chamber in MilliQ water, sonicated for 15 minutes 11:40am 
MilliQ water through QCM-D 12:00pm 
Fresh 5:1:1 water:ammonia:H2O2 solution made, crystals put in, heated to 75°C. 
Rinsed with water, dried under Nitrogen. Plasma cleaned. 
12:15pm 
Air through QCM-D 1:00pm 
Chambers dried with Nitrogen 1:15pm 
Cleaned crystals mounted in cleaned QCM-D—MilliQ water through until 
stabilized plots, 100µL/min 
1:30pm 
WaterPBS, 50µL/min through QCM-D 1:45pm 
Frag 2 to chambers 1,2,3. Ch 4, PBS 2:20pm 
Bacteria adsorption ready, did cell count and calculated dilution. Prepared 1×108 
cells/mL 
2:45pm 
PBS to all chambers 3:30pm 
E. coli solution to all chambers 4:00pm 
PBS to all chambers 6:00pm 
Data collection stopped, crystals removed and placed in PBS. Stain each crystal in 
microscopy room 
6:30pm 
Start QCM-D cleaning process 6:40pm 
Each crystal imaged total 30 times 7:05pm 
Finish cleaning QCM-D, clean crystals in cleaning solution, rinse with water and 
dry with Nitrogen 
FINISH: 9:05pm 
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APPENDIX C 
This section displays raw QCM-D data for the 9 experimental conditions (Table 1). 
E. coli O157:H7 
 
Figure 19. QCM-D plot of E. coli  O157:H7 adsorption onto bare gold quartz crystal, 23°C 
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Figure 20. QCM-D plot of Cecropin P1-cys adsorption followed by E. coli O157:H7, gold quartz crystal, 23°C 
 
Figure 21. QCM-D plot of Cecropin Fragment 1 adsorption followed by E. coli O157:H7, gold quartz crystal, 23°C 
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Figure 22. QCM-D plot of Cecropin Fragment 2 adsorption followed by E. coli O157:H7, gold quartz crystal, 23°C 
Figure 23 shows viscoelastic modeling results for Cecropin P1 fragment 2 adsorption. More 
research needs to be done to better understand the behavior of fragment 2 adsorbing to gold. 
 
Figure 23. Viscoelastic modeling for Cecropin P1 fragment 2 adsorption 
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E. coli K12 
 
Figure 24. QCM-D plot of E. coli K12 adsorption onto bare gold quartz crystal, 23°C 
 
Figure 25. QCM-D plot of Cecropin P1-cys adsorption followed by E. coli K12, gold quartz crystal, 23°C 
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Figure 26. QCM-D plot of Cecropin Fragment 1 adsorption followed by E. coli K12, gold quartz crystal, 23°C 
E. coli ML35 
 
Figure 27. QCM-D plot of E. coli ML35 adsorption onto bare gold quartz crystal, 23°C 
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Figure 28. QCM-D plot of Cecropin P1-cys adsorption followed by E. coli ML35, gold quartz crystal, 23°C 
 
Figure 29. QCM-D plot of Cecropin Fragment 1 adsorption followed by E. coli ML35, gold quartz crystal, 23°C 
  
51 
 
APPENDIX D 
Table 4. Statistical difference between given data sets. One-way Anova test performed, p<0.01 
Data set 1 Data set 2 p value for % Dead p<0.01? p value for Totals p<0.01? 
O157:H7 
bare 
O157:H7 
CP1 7.63E-12 TRUE 2.40E-10 TRUE 
O157:H7 
bare 
O157:H7 
frag 1 0 TRUE 1.56E-11 TRUE 
O157:H7 
CP1 
O157:H7 
frag 1 0.0101 FALSE 0.7498 FALSE 
K12 bare K12 CP1 2.11E-04 TRUE 6.34E-04 TRUE 
K12 bare K12 frag 1 0.0044 TRUE 6.78E-08 TRUE 
K12 CP1 K12 frag 1 0.7108 FALSE 5.03E-04 TRUE 
ML35 bare ML35 CP1 0.0015 TRUE 5.30E-04 TRUE 
ML35 bare ML35 frag 1 3.33E-16 TRUE 0.0886 FALSE 
ML35 CP1 ML35 frag 1 0 TRUE 1.53E-05 TRUE 
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Figure 30. Total E. coli per microscope image. EC—(This MQP), CC&AK— (Cronin & Kadilak, 2008) 
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Figure 31. % E. coli dead per microscope image. EC—(This MQP), CC&AK— (Cronin & Kadilak, 2008) 
 
Figure 32. Total E. coli per microscope image. EC—(This MQP), CC&AK— (Cronin & Kadilak, 2008). O172:K-:H- removed for more 
detailed comparison. 
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APPENDIX E 
The following figures (Figure 33 and Figure 34) show average frequency and dissipation 
shifts for the E. coli adsorption regions. 
 
Figure 33. Average frequency shift during E. coli adsorption region. Labeling format: E. coli strain, AMP treatment 
 
Figure 34. Average dissipation shift during E. coli adsorption region. Labeling format: E. coli strain, AMP treatment 
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The following figures (Figure 35, Figure 36 and Figure 37) are ΔD/Δf graphs. The presented 
data is from this study (blue bars) and a previous MQP (Cronin & Kadilak, 2008), shown in red 
bars. Also, one case from the REU student Amy Manaresi is shown in green. 
 
 
Figure 35. E. coli adsorption ΔD/Δf with Antimicrobial Peptide 
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Figure 36. E. coli adsorption ΔD/Δf without Antimicrobial Peptide. X—Δf too close to zero. 
 
Figure 37. E. coli adsorption ΔD/Δf without Antimicrobial Peptide, K12 column removed for improved comparison. X—Δf 
too close to zero. 
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APPENDIX F 
The following pages are the AMP datasheets from New England Peptide for Cecropin P1-
cys, Fragment 1 and Fragment 2. 
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Cecropin P1-cys 
  
>85% 
3443 
N/A 
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Cecropin P1-cys Fragment 1 
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Cecropin P1-cys Fragment 2 
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